Introduction
With the recent rapid progress in nano-technology, the size of Si-based semiconductor devices has become smaller down to nanometer level. Organic devices, such as the organic field effect transistor (OFET), electroluminescence (EL), chemical sensors and bio-tips, are also being downsized. For the surface analysis of such small devices, microscopic information on the order of the nanometer scale is important. The term "microscopic information" used here means the morphology, elemental distribution and crystal structure.
In order to observe microscopic information, so far many microscopic methods using various micro-focused beams have been developed, such as scanning electron microscopy (SEM), scanning Auger electron microscopy (SAM), 1 electron energy loss spectroscopy (EELS) 2 and electron probe microanalysis (EPMA). 3 Some of these methods already have lateral spatial resolution on the order of a nanometer. 1 These methods can analyze the morphology, element and crystal structures in a microscopic area. Another important factor that determining the function of materials is the valence states of the constituent elements. Thus, the establishment of methods to identify valence states at nanometer scale is important.
A photoelectron emission microscopy (PEEM) is a method in which a photoelectron spectroscopy is applied to microscopic analysis. Many kinds of excitation sources are used in PEEM. Among them, when energy-tunable synchrotron X-rays are used as an excitation source, we can possibly observe microscopic images that are localized at a specific element, because the electrons in core-levels are localized at a specific atom, even if the material consists of multi-elements. In an imaging-type PEEM, the sample surface is illuminated by synchrotron radiation, and the total photoelectrons emitted from the surface were expanded and focused on the screen. Up to now, PEEM using synchrotron radiation has been applied to analyses of various materials, such as the microscopic observation of organic polymers, i.e. PMMA 4 and magnetic structure mapping of the transition-metal multilayer. 5 In their studies, vacuum ultraviolet (VUV) light lower than 1 keV monochromatized by gratings was used as excitation sources.
In the case of third-row elements, like silicon, which is important for semiconductor technology, the energy resolution at the K-edge (1.84 keV) is inferior to that at the L-edge. Nevertheless, the excitation at the K-edge is superior to that at the L-edge regarding the following points: 6 (1) contrasts of PEEM images are clearly observed because the difference between two absorption coefficients at energies lower and higher than the K-edge is large compared with the L-edge. (2) The chemical shift at the K-edge is often larger than that at the L-edge. Therefore, the selectivity of the chemical states is high. (3) There is no energy splitting due to the spin-orbit interaction. However, there have been few reports about PEEM excited by soft X-rays.
In the present paper, we report on the details of a PEEM system combined with soft X-ray excitation (1.8 -4 keV), for the purpose of observing valence-state images at nanometer scale. The method was applied to observations of valence states at the Si-SiO2 interfaces for micro-patterned samples. We also report on changes in the valence states of silicon at the Si-SiO2 interface upon annealing; also, the mechanism of surface diffusion is discussed on the basis of the PEEM images at various temperatures. For surface analyses of semiconductor devices and various functional materials, it has become indispensable to analyze valence states at nanometer scale due to the rapid developments of nanotechnology. Since a method for microscopic mapping dependent on the chemical bond states has not been established so far, we have developed a photoelectron emission microscopy (PEEM) system combined with synchrotron soft X-ray excitation. The samples investigated were Si/SiOx micro-patterns prepared by O2 + ion implantation in Si(001) wafer using a mask. PEEM images excited by various photon energies around the Si K-edge were observed. The lateral spatial resolution of the system was about 41 nm. The brightness of each spot in PEEM images changed depending on the photon energy, due to the X-ray absorption intensity of the respective chemical state. Since the surface of this sample was topographically flat, it has been demonstrated that the present method can be applied to observations of the microscopic pattern, depending not on the morphology, but only on the valence states of silicon. We have also in-situ measured the changes of the PEEM images upon annealing, and elucidated the mechanism of the lateral diffusion of oxygen and valence states of silicon at the nanometer scale.
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Experimental
Principle
First, we shall describe the outline of PEEM excited by synchrotron radiation. When a material is irradiated by X-ray, electrons in the core levels are excited into valence unoccupied states or emitted into a vacuum as photoelectrons (Fig. 1) . For a solid sample in a vacuum, we can obtain the X-ray absorption spectrum by plotting the intensity of the total photoelectrons emitted from the surface as a function of the X-ray energy. The structure of an X-ray absorption spectrum near to the absorption edge corresponds to the transition probability from the core level to the unoccupied state. The X-ray absorption spectrum near to the absorption edge is called X-ray absorption near edge structure (XANES). The energies of electrons emitted from the surface are almost 0 eV, because Auger electrons and photoelectrons lose their kinetic energies by inelastic scattering in a solid. We have used imaging-type PEEM. The principle of the imaging-type PEEM is as follows. 7 The total photoelectrons emitted from a microscopic area are magnified using electrostatic lenses. Then, the photoelectrons are amplified and illuminate a fluorescent screen. We can thus obtain on the image, whose brightness is proportional to the absorption of X-rays at the area. The energy of the absorption peaks of the same elements changes by the valence states, which is called a "chemical shift". Therefore, by tuning the X-ray energy at the absorption edges for respective valence states, we could observe a microscopic image depending on the valence states.
Experimental setup
Experiments were carried out at the bending magnet beamline BL-27A in the Photon Factory of the High Energy Accelerator Research Organization (KEK-PF). Figure 2 shows an outline of the experimental setup. The beamline was equipped with a bent cylindrical mirror made of nickel-coated silicon and an InSb (111) double-crystal monochromator. The energy resolution was 0.85 eV at the Si K-edge (1840 eV).
The PEEM system used was an Elmitech Co. Model PEEMSPECTOR. The synchrotron beam was irradiated at 60 degrees from the surface normal. The take-off direction of electrons was the surface normal. The total photoelectrons emitted from the sample surface were accelerated at 15 kV, and magnified using electrostatic lenses. The electrons were multiplied by a micro-channel plate (MCP) and focused on a YAG fluorescence screen, and then taken into a CCD camera. The PEEM system has a mercury lamp (hν = 4.9 eV) as an excitation source. Figure 3 shows a typical PEEM image excited by ultraviolet light for a silicon standard sample. The sample investigated was a Si single crystal with straight-line steps. In order to estimate the spatial resolution of the PEEM system, the brightnesses between points A and B in Fig. 3 were plotted as a function of the distance. The result is displayed in Fig. 4 . On the basis of the slope of the line in Fig. 4 , the spatial resolution of the PEEM system was estimated to be 42.1 nm.
We could not obtain information about the chemical states using a mercury lamp, because the photon energy is constant (4.9 eV). The contrast in Fig. 3 corresponds to the difference of the work function resulting from the surface morphology. 8 
Samples
The sample investigated was a Si-SiO2 micro-pattern prepared by O2 + ion implantation. Three keV O2 + ions were implanted in Fig. 1 Schematic of processes involved in X-ray absorption near-edge structure spectra. Fig. 2 Schematic illustration of the experimental setup.
a Si(001) wafer using a rectangular mask of 12.5 μm periodicity (5 μm blank and 7.5 μm space). After ion implantation, the mask was taken off in the atmosphere. In a previous study, it was confirmed that the SiO2 was formed when a crystal of silicon was implanted by O2 + ions. 6 In order to estimate the depth distribution of the implanted oxygen in silicon, a Monte Carlo Simulation was carried out using the SRIM code. 9 As a result, it was elucidated that the averaged depth of the implanted oxygen was about 30 nm. For measurements of XANES spectra, we used a single crystal of silicon (001), a thin film of SiO, and SiO2 powder as standard samples. A thin film of SiO was prepared by evaporating SiO powder on highly orientated pyrolytic graphite (HOPG).
Results and Discussion
XANES spectra for silicon compounds
Before showing the PEEM images, we will first show the XANES spectra for standard materials of silicon compounds. Figure 6 displays PEEM images of the Si-SiO2 micro-pattern excited by photons around the Si K-edge. The micro-patterns are absent in image (a), whose excitation energy was 1835 eV. In image (b), the pattern slightly emerges. The photon energy of this image was 1841 eV. Image (c) was taken at a photon energy of 1846.6 eV. We can clearly distinguish between the bright and dark areas in image (c). Figure 7 shows the X-ray absorption spectrum for the Si-SiO2 micro-pattern measured by the total electron yield. The X-rays were irradiated onto the total area, so this curve shows the averaged X-ray absorption spectrum of the micro-pattern sample. Photon energy of Fig. 6 (a) (1835 eV) corresponds to that lower than the energy of Si K-edge. The photon energies of peaks A and B in Fig. 7 correspond to the excitation energies of Figs. 6(b) and 6(c), respectively. Peak A at 1841 eV in Fig. 7 is due to the Si1s → σ* resonance peak of elemental Si (Si 0+ ), while peak B at 1846.6 eV corresponds to that of SiO2 (Si 4+ ). For the photon energy of peak A, a resonance excitation of Si (Si 0+ ) occurs, while that of SiO2 (Si 4+ ) occurs at the photon energy of peak B.
PEEM images of Si-SiO2 micro-pattern PEEM images at room temperature.
In Fig. 8(a) , the brightness of point A in Fig. 6(c) is plotted as a function of the photon energy. For a comparison, the XANES spectrum of elemental Si (Si 0+ ) is also shown in this figure. The curve of the brightness plot coincides with the XANES spectrum. Therefore, it is demonstrated that point A consists of elemental Si (Si 0+ ). Figure 8(b) shows a brightness plot of point B in Fig. 6(c) . The XANES spectrum of SiO2 is also shown. The curve of the brightness plot is similar to the XANES spectrum. However, a shoulder is seen at around 1841 eV, which corresponds to the absorption peak of elemental Si. This is because the escape depth of the total photoelectrons is longer than the thickness of the SiO2 layer (30 nm), so the Si substrate was observed. On the basis of these results, it is demonstrated that we can identify valence states in a PEEM image on the nanometer scale by scanning the X-ray energy.
Next, we demonstrate the valence states at the Si-SiO2 interfaces. Figure 9 shows the photon-energy dependences of brightness at several points between C and C' in Fig. 6(c) . The curves of the brightness plots change from the XANES spectrum of SiO2 (point C) to that of the mixture of Si and SiO2 (point C'). This means that scarcely any intermediate valence states, such as SiO (Si 2+ ), exist at the Si-SiO2 interface. Changes of PEEM images by annealing. Next, we will show the results for observations on the diffusion of oxygen by annealing using the present PEEM system. A SiO2 layer on silicon surface is used as a gate insulator, and the mechanism of oxygen diffusion at the Si-SiO2 interface is important in the field of semiconductor technology. 10 Many studies have been made about the longitudinal diffusion of oxygen at a Si-SiO2 interface. It was reported that the Si and SiO2 layers are clearly separated by annealing, and a homogeneous SiO2 layer is formed. 11 For the valence states of Si in the oxidation reaction at the surface of Si single crystal, many studies have been made with high-resolution photoelectron spectroscopy. 12 It was reported that intermediate valence states, such as Si 2+ and Si 3+ , exist at a partially oxidized silicon surface. 12 However, few studies have been reported about lateral diffusion and changes of the valence states by annealing. Figure 10 shows PEEM images for Si-SiO2 micro-pattern annealed at various temperatures. The lateral diffusion of SiO2 (Si 4+ ) begins at 700 C, and the Si-SiO2 micro-pattern disappears at 900 C. At 800 C (Fig. 10(c) ), the image of the interface between points D and D' is dim. This region seems to be the place where the diffusion of SiO2 (Si 4+ ) occurs. In order to investigate the valence states at the interface, the brightnesses at several points between D and D' were plotted as a function of the photon energy. The result is displayed in Fig. 11 . Comparing these plots with the XANES spectra of Si (Si 0+ ) and SiO2 (Si 4+ ) shown in Fig. 5 , it has been confirmed that the interface between X-ray absorption spectrum for Si-SiO2 micro-pattern measured by the total electron yield. X-rays were irradiated on the total area, so this curve shows the averaged X-ray absorption spectrum of the micro-pattern sample. Fig. 6(c) . The X-ray absorption spectrum of Si is displayed as a solid line. (b) Open circles show the brightness of domain B in Fig. 6(c) . The X-ray absorption spectrum of SiO2 is displayed as a solid line. 3+ . On the basis of these results, it has been demonstrated that we can in-situ observe changes of the valence states and their diffusion on the nanometer scale during heating. Since the brightness plot of each domain contains information about not only the element and valence states, but also the electronic structure of valence unoccupied states and the molecular orientation, the present method will be potentially applied to the microscopic analysis of various functional materials, such as other inorganic and organic devices.
Summary
In order to observe valence-state images of a solid surface at the nanometer scale, we have developed the PEEM system combined with synchrotron soft X-ray excitation. The samples investigated were Si-SiO2 micro-patterns prepared by O2 + ion implantation in a Si(001) wafer. The PEEM images excited by various photon energies around the Si K-edge were observed. The brightness of each spot in PEEM images changed depending on the photon energy, due to the X-ray absorption intensity of the respective chemical states. It has been demonstrated that the present methods can be applied to the observation of valencestate images on the nanometer scale. We also applied this method to an in-situ observation of surface diffusion at the Si-SiO2 interface upon annealing. 
